Arboreal locomotion imposes selective pressures that may affect the evolution of the locomotor apparatus. The limbs have to be mobile to reach across discontinuities, yet at the same time need to be forceful to move against gravity during climbing. However, as intermediaries between the arboreal and terrestrial environment, semi-arboreal mammals appear not extremely specialized and, thus, anatomical adaptations may be less evident than expected for arboreal climbers. Here, we present quantitative data on the muscle anatomy of the forelimbs (N 5 14) of two closely related species of Mustelidae and relate the findings to their locomotor habits. The arboreal pine marten (Martes martes) and the more terrestrial stone marten (Martes foina) are the most similar sympatric carnivores in Europe, but distinctly differ in habitat selection and locomotor mode. Via dissections muscle architectural variables including muscle mass, pennation angle, and fiber length were measured and the physiological cross-sectional area and maximum isometric force were estimated for each muscle. The results reveal that the force-generating capacity of the limb flexor and retractor muscles and the excursion capability of the adductor muscles are greater in the pine marten compared to the stone marten. Since the two sympatric martens are very similar in terms of overall appearance, body size, intra-limb proportions, phylogenetic relationships and predation behavior, the differences in forelimb musculature are interpreted to reflect the greater climbing ability of the pine marten. The functional properties appear to facilitate locomotion in a threedimensionally complex arboreal environment. Anat Rec, 301:449-472, 2018 
INTRODUCTION
The evolutionary shift to an arboreal habitat is likely associated with potential benefits including decreased competition, access to new food resources, and relative safety against predators (e.g., Hunter and Caro, 2008) . With regard to mammals, there is strong evidence that arboreality has played a key role in the origin and subsequent radiation of eutherians (Matthew, 1904; Goswami et al., 2011) . However, the inference of behavior in extinct animals is challenged by the inevitable loss of muscles. This emphasizes the importance of understanding functional adaptations in living animals in order to identify reliable morphological indicators that can be applied to fossils.
Fundamental to an arboreal lifestyle is the ability to climb since it allows foraging, escaping from non-climbing predators, and acquiring shelter. However, the threedimensional arboreal environment is challenging because of its discontinuous and complex nature imposing strong and specific selective pressures (in particular by the risk of falling; Preuschoft, 2002) . These affect the musculoskeletal anatomy of the locomotor apparatus which has to simultaneously provide both stability and mobility. The first aspect involves generating medially directed substrate reaction forces and a firm grasp (e.g., Schmitt, 2003) , the latter is achieved by being able to reach across discontinuities in all directions (e.g., Preuschoft, 2002) . In addition, the limbs of arboreal species need to allow an animal to move against gravity, imposing strong selective pressures on the forelimb which, during climbing, becomes the dominant limb. In general, the functional requirements are reflected in skeletal traits of the animal, such as elongated and/or clawed digits for grasping, the characteristic orientation of the glenoid cavity of the scapula facilitating shoulder mobility, and relatively longer and more robust forelimbs relative to the hindlimbs (Dublin, 1903; Ashton and Oxnard, 1964; van Valkenburgh, 1987; Hildebrand and Goslow, 2004) .
Although some species are highly specialized for arboreal locomotion, notably sloths (Mendel, 1981) , arboreal primates (Fleagle and Liebermann, 2015) , coatis and kinkajous (McClearn, 1992) , there are many "non-specialist" climbers, in particular among carnivores. Generalist climbers spend most of their time in trees, but are able to move between two different habitats (trees and ground). Since they are subject to a greater range of physical demands, they appear to be not extremely specialized and, thus, skeletal adaptations are less evident than for arboreal climbers (Bertram, 2016) . Therefore, it is of particular importance to study the biomechanical significance of their possible adaptations to an arboreal habitat.
In addition to osteology, limb myology forms the basis for arboreal locomotion because muscles are responsible for generating the forces that move the appendicular skeleton associated with stabilization of body posture and locomotion (Gans, 1982) . Qualitative muscular analyses of carnivores have yielded important knowledge with regard to arboreal locomotion by comparing animals adopting different locomotor modes (Windle and Parsons, 1897; Carlsson, 1900 Carlsson, , 1911 Carlsson, , 1920 Carlsson, , 1925 Taylor, 1974; Leach, 1977b; Fisher et al., 2009) . Despite their importance, these excellent qualitative observations are not sufficient to determine the functional role of the muscles in relation to muscle architecture. The architectural features that define the functional properties of a muscle allow for a theoretical prediction of maximum muscle force, excursion and contraction velocity (Hildebrand and Goslow, 2004) . These parameters reflect the functional demands with regard to arboreal locomotion as reported in previous studies focusing on arboreal primates, rodents, and marsupials (Michilsens et al., 2009; Oishi et al., 2009; Kikuchi, 2010; Warburton et al., 2011; Carrizo et al., 2014 ). An extensive literature review revealed that, apart from the raccoon (Procyon lotor; Stalheim-Smith, 1989) , no quantitative data exist on muscle architecture for arboreal or semi-arboreal carnivores. Therefore, quantifying functional traits of skeletal muscles in Carnivora is the next crucial step towards a comprehensive understanding of the adaptations in the locomotor apparatus associated with an arboreal or semi-arboreal lifestyle in this group.
Locomotor performance is also influenced by other factors such as an animal's body mass, intra-and inter-limb proportions, locomotor repertoire, phylogeny and predation behavior (Iwaniuk et al., 1999 (Iwaniuk et al., , 2000 Seyfarth et al., 2001; Schmidt and Fischer, 2009; Fabre et al., 2013a; Fabre et al., 2013b; Janis and Figueirido, 2014; Fabre et al., 2015) . In order to minimize the effects of all the aforementioned factors, we here analyze the muscular anatomy of two closely-related, medium-sized mustelids that occur sympatrically and are very similar in overall appearance, but distinctly differ in habitat preference and locomotor mode: the arboreal pine marten, Martes martes (Linnaeus, 1758), and the more terrestrial stone marten, Martes foina (Erxleben, 1777). This will allow us to evaluate functional and possibly adaptive variation in the muscular system and to elucidate the anatomical basis of differences in the forelimb associated with a more arboreal lifestyle.
The pine marten (M. martes) is a habitat specialist associated primarily with forest environments (coniferous, deciduous or mixed forests) avoiding urban areas and arable lands (Storch et al., 1990; Larivière and Jennings, 2009; Lombardini et al., 2015) . The importance of trees and, thus, arboreal locomotion is linked to the need of the pine marten to escape predators (e.g., eagles, foxes) and they use arboreal cavities to rest and give birth (Storch et al., 1990; Overskaug et al., 1994; Brainerd et al., 1995; Webster, 2001; Lombardini et al., 2015) . The food composition of the pine marten consists mainly of rodents and birds . The stone marten (M. foina) lives sympatrically with its close relative pine marten over a wide area of Europe (Proulx et al., 2004; IUCN, 2007a,b; Wereszczuk and Zalewski, 2015; Vergara et al., 2016) . It is among the few mustelids that take advantage of urban areas and the increased availability of food resources in urban areas. The stone marten frequently feeds on fruits and insects .
Both species display sexual dimorphism in body size and body mass. Mean body mass of adult M. martes and M. foina is about 1.1 kg for females and 2.0 kg for males. Where they co-occur the stone marten is usually slightly larger than the pine marten (Reig, 1992) . Studies on ecological niche segregation between both martens revealed significant quantitative differences in frequency of habitat type use and type of activity (routes and movements; Posłuszny et al., 2007; Wereszczuk and Zalewski, 2015) . For instance, M. martes was seen to climb in trees in about 50% of total observations (about 20% in M. foina), whereas M. foina was seen to approach forest edges in about 30% of total observations (1% in M. martes; Goszczy nski et al., 2007) .
Study Aims
First, we compare the distribution of relative muscle mass in the forelimb of M. martes and M. foina in order to explore the prediction that (1) the arboreal pine marten allocates more of the total muscle mass to the retractors/flexors of the shoulder and forelimb. These muscles are thought to be important in generating pulling forces during climbing (Zaaf et al., 1999) and muscle distribution patterns can reflect locomotor specializations when comparing architecturally similar muscles (Atzeva et al., 2007) . The second aim of this study is to test the hypothesis (2) that the extensor muscles in the forelimb of M. martes have relatively longer fibers as compared to M. foina, resulting in a theoretically larger maximum excursion and contraction velocity. This may be advantageous for climbing in enabling a greater reach of the limb and in maintaining force over a large range of muscle length while the forelimb is protracted. Third, we address the hypothesis (3) that the flexor and adductor muscles in the forelimb of M. martes have a relatively larger physiological cross-sectional area (PCSA) in comparison to M. foina generating higher maximum force. Increased strength of these muscles in the arboreal species may promote efficient limb movement during climbing.
MATERIAL AND METHODS Study Specimens
The left and right forelimbs of three preserved specimens of M. martes (Mm) and four M. foina (Mf) were dissected for the present study (14 limbs in total). Carcasses were received from the Faculty of Veterinary Medicine of Ludwig-Maximilians-Universit€ at in Munich, the INRAP Centre de Recherches Arch eologiques de l'Oise in Compiègne, France, and the taxidermy facility of the Mus eum National d'Histoire Naturelle in Paris. Specimens did not display any pathologies.
Species discrimination was distinct and based on external characteristics such as yellowish throat patch in the pine marten and a white throat patch in the stone marten, and cranial characteristics such as the crown morphology of the third maxillary premolar in occlusal view, which is concave in M. martes and convex in M. foina (Libois, 1991; Llorente Rodr ıguez et al., 2011) .
All specimens were adult animals. Age status (adult vs. juvenile) was confirmed by fusion of the epiphyses of the long bones after dissection.
Dissection
After removing the skin and fascia of the shoulder and forelimb, each muscle was identified and systematically dissected by carefully detaching it from both the origin and the insertion (Table 1) . Fiber architecture was recorded and muscle attachment sites were noted since the points of origin and insertion bear significantly on the biomechanical roles of muscles. Photographs were taken at each stage of the dissection. These images were used as reference for illustrations of the muscle topography.
The extrinsic musculature includes the muscles that originate on the skull, neck or thorax and are responsible for moving the proximal forelimb elements. The intrinsic musculature of the forelimb comprises those muscles that are associated only with the limb bones themselves. Since it is beyond the scope of the present work, the intrinsic muscles of the manus were excluded.
Proximal muscles are defined as acting on scapula and humerus, respectively, whereas distal muscles act on elbow and wrist, respectively. Furthermore, muscles were grouped based on their main function. In the case of biarticular muscles (muscles that cross two joints), we considered dual functions. The general functions include adductors and abductor, flexors/retractors and extensors/ protractors, as well as rotators. The assignment of muscles to functional groups is based on their topology and on the manipulation of dissected specimens. We are aware that muscles are versatile because they need to contribute to more than one functional role, but the consideration of the muscle's main function facilitates interpretation.
Anatomical terminology followed primarily Reighard and Jennings (1902) . In order to facilitate comparisons with previous works on forelimb myology in mustelids, synonyms of the analyzed muscles are provided in the results section.
Osteological Measurements
In general, the shoulder and forelimb complex includes five bones (scapula, clavicle, humerus, radius, and ulna). In primates, the clavicle is well-developed and involved in arboreal locomotion (e.g., Voisin, 2006) . In carnivores, however, is the presence of this bone variable (Trotter, 1885) . Therefore, the frequency of presence/absence of the clavicle in both marten species was recorded. After dissection, the maximum lengths of the scapula and the three long bones (humerus, radius, and ulna) were measured for each individual. Maximum scapular length was taken laterally from the dorsalmost border of the scapula to the tip of the supraglenoid tubercle bordering the glenoid fossa. Maximum length of all three long bones was taken parallel to the longitudinal axis between the proximal and distal articular surfaces (Ruff, 2002) . Maximum humeral length was measured parallel to the diaphysis from the most proximal point of the humeral head to the most distal projecting trochlear lip. Maximum radial length was taken from the most proximal point of the radial head to the most distal projection of the styloid process. Maximum ulnar length was measured parallel to the diaphysis from the top of the olecranon to the most distal projection of the styloid process.
The mean values for each specimen were calculated as the average of the lengths of the left and right bones. Intra-forelimb proportions were expressed as percentages of each segment length to the sum of the lengths of the four segments.
Muscle Architecture Measurements
Following the removal of each muscle and associated tendons, the muscles were stored in vials with a 70% aqueous ethanol solution. All measurements were performed by a single examiner (CB). First, the muscles The general muscle topography is identical in both studied marten species. Detected qualitative differences in myology are marked by a footnote. Muscles are assigned to main functional categories. Biarticular muscles perform dual functions and, therefore, an additional function is indicated. Abbreviations: acr. were blotted dry and weighed on a digital precision balance (Mettler; 60.1 mg). Next, muscle belly length (as mean of maximum and minimum length), tendon length (at origin and insertion of the muscle) and pennation angle (u; 5 the angle at which the fibers deviate from the line of action of the particular muscle) were recorded. The length parameters were measured directly on the muscle using a standard ruler. Scaled digital images of each excised muscle were used to record the angular measurements. The pennation angle was measured five times per muscle and limb at random sites using the software ImageJ 1.48v (Schneider et al., 2012) . Subsequently, muscle fibers were separated by digesting the muscles in a 30% aqueous nitric acid solution for about 24 hr, after which they were transferred to a 50% aqueous glycerin solution (Herrel et al., 2008) . For each muscle, individual fibers were teased apart and documented by taking scaled digital photographs. The length of 15 randomly selected fibers was measured using the software ImageJ 1.48v and the mean fiber length was then calculated.
Scaling of muscle architecture measurements was not necessary since all the dissected martens did not significantly differ in body size.
Mathematically-Derived Muscle Architectural Variables and Statistical Analyses
The recorded parameters (muscle mass, pennation angle, and fiber length) allow the determination of the following variables.
Muscle volume (V) was calculated by dividing muscle mass (m) by a standard muscle density (q) of 1.06 g/cm 3 (Mendez and Keys, 1960) using the following Equation (1):
PCSA (physiological cross-sectional area, that is anatomical cross-sectional area corrected for pennate arrangement of muscle fibers) is a function of muscle volume, fiber length (l f ) and fiber pennation angle (u; Sacks and Roy, 1982; Powell et al., 1984) . It was calculated using the following Equation (2):
Maximum isometric muscle force (F max ) was calculated by using Equation (3), with a conservative estimate of maximum isometric stress of vertebrate skeletal muscle (r max ) of 25 N/cm 2 (Herzog, 2007) :
Paired t-tests were performed in order to assess if there are statistically significant differences among muscle parameters (muscle mass, fiber length, tendon length, PCSA). Regression analyses were used in order to investigate the relationship between variables. All statistical analyses were conducted in the software PAST (Hammer et al., 2001 ).
Muscle Performance Space
Plotting fiber length against PCSA produces a muscle performance space (e.g., Payne et al., 2005; Sharir et al., 2006; Allen et al., 2010; Dick and Clemente, 2016; Leischner et al., this issue) . This reveals trends of muscle specialization. The regional distribution of the muscles in this performance space allows to assign them to one of the following functional categories: (1) "forceful" or "force specialists" are muscles with large PCSA and short fibers; (2) "stretchable" or "displacement specialists" are muscles with small PCSA and long fibers; (3) "powerful" or "highpower specialists" are muscles with large PCSA and long fibers; (4) "generalists" are considered muscles with a neither very large PCSA nor very long fibers. There is a structure-function trade-off between PCSA and fiber length for a muscle with a given volume (e.g., Epstein and Herzog, 1998; Allen et al., 2010) . Increased PCSA (maximizing muscle force) comes at the costs of reduced fiber lengths (smaller muscle excursion and contraction velocity) and vice versa. Moreover, "powerful" muscles have a large volume and are metabolically expensive.
RESULTS Clavicle
The presence of the clavicle in both M. martes and M. foina is variable, and always rudimentary in morphology and embedded in the extrinsic muscles. About two-thirds of the dissected forelimbs (4 of 6 [67%] in the pine marten, 5 of 8 [62%] in the stone marten) revealed the clavicle. There was at least one small bone present on either side of the forelimbs. In only one specimen of M. foina, both clavicles were absent.
Intra-Forelimb Proportions
Locomotor performance is influenced by the animal's intra-limb proportions (e.g., Schmidt and Fischer, 2009) . Although the absolute values of the forelimb bone lengths are larger in M. martes compared to M. foina (Table 2) , the intra-forelimb proportions are similar in both species (Fig. 1) . No significant difference in intraforelimb proportions between the arboreal pine marten and the more terrestrial stone marten were found. In general, the scapula is the shortest segment in the measured forelimb regions. The humerus and ulna are the Muscle topography. Forty-eight muscles (comprising 15 extrinsic and 33 intrinsic muscles) were identified in the shoulder and forelimb of M. foina and M. martes (excluding muscles intrinsic to the manus; Table 1 ). Both species are similar in their macroscopic anatomy and displayed an equivalent degree of muscle differentiation. However, in the pine marten, the separation between M. rhomboideus cervicis and M. rhomboideus thoracis was not as distinct as in the stone marten. We, thus, dissected these muscles as only one compartment (M. rhomboideus cervicis) in the former species.
The following qualitative differences of the muscles in the shoulder and forelimb between the arboreal pine marten and the more terrestrial stone marten were observed.
M. spinotrapezius. In both marten species, the most caudal part of the trapezius group, the M. spinotrapezius, originates from the tips of the spinous processes of the thoracic vertebrae. It joins the M. acromiotrapezius by an aponeurosis and inserts along the scapular spine covering the proximal third of the scapular spine in M. martes ( Fig. 2A) , but only the proximal quarter in M. foina. M. rhomboideus thoracis. As mentioned above, the M. rhomboideus thoracis was identified in M. foina only. It originates from the tips of the spinous processes of the anterior four thoracic vertebrae and inserts into the caudal dorsomedial border of the scapula. Although it was not possible to clearly distinguish the M. rhomboideus thoracis in M. martes, the area covered by the M. rhomboideus cervicis and M. rhomboideus thoracis in the stone marten corresponds to the area of the M. rhomboideus cervicis in the pine marten.
M. pectoantebrachialis. In both marten species, the origin of the most superficial part of the pectoralis group, the M. pectoantebrachialis, is on the lateral surface of the manubrium. It passes in lateral direction to the arm where it joins the M. clavobrachialis. The insertion site lies craniolaterally in the middle of the humeral diaphysis in M. martes and in the distal third in M. foina.
Relative Muscle Mass Distribution
The distribution of the relative muscle mass in the forelimb reveals no significant differences between both martens (Fig. 3A) . Although 17 muscles are slightly heavier in M. foina and 23 muscles are slightly heavier in M. martes (Table 3) , there are no statistically significant differences in relative muscle mass between both species (Fig. 3) . The ratio between extrinsic and intrinsic musculature shows that the relative mass of the muscles that are attached solely to the limb bones themselves is slightly larger than that of the extrinsic muscles in both species (Table 4) .
Fiber Length
The average fiber length of all the forelimb muscles is significantly different between M. martes (l(Mm) mean 5 2.26 cm) and M. foina (l(Mf) mean 5 1.85 cm; Table 3 ; paired t-test, P 5 0.0009). Comparing the fiber length of extrinsic and intrinsic musculature reveals that the mean fiber length of the former is larger in both martens (Table 4; paired t-test, P(Mf) 5 0.0002, P(Mm) 5 0.0006). Furthermore, the extrinsic muscles have longer fibers in the arboreal pine marten compared to the more terrestrial stone marten, whereas the mean fiber length of the intrinsic muscles is more or less similar in both species (Table 4) .
In both martens, the longest fibers are recorded for the M. latissimus dorsi, M. rhomboideus (capitis and profundus), M. clavotrapezius, M. epitrochlearis, and M. omotransversarius (Fig. 4A) . In M. martes, there are additional muscles that have a great fiber length including muscles of the pectoral and trapezius group as well as the M. brachioradialis. Muscles with the shortest fibers in both species include the M. pronator quadratus, M. supinator, M. articularis humeri and the M. triceps brachii caput accessorium (Fig. 4A) . The paired t-test revealed significant differences (P < 0.05) between both marten species in the fiber length of the M. clavobrachialis (P 5 0.0491) and the M. extensor digitorum communis (P 5 0.0201).
Assigning the muscles to main functional categories, both species display a similar trend in average fiber length (Fig. 4B) : the shortest fibers are found in the abductors and rotators, intermediate fiber lengths are measured in the flexors/retractors and extensors/protractors, and the longest fibers are recorded in the adductors (Fig. 8 ). Yet, M. martes has longer fibers in all functional muscle groups compared to M. foina, in particular concerning the adductors (Fig. 8) .
Separating the muscles into proximal and distal compartments reveals that the proximal compartment has longer fibers than the distal compartment in both martens (Table 4) .
On average, the rotator cuff group is similar in fiber length (l(Mm) rotator cuff group 5 1.10 cm, l(Mf) rotator cuff group 5 1.08 cm) and both species display a similar trend when comparing the mean fiber length of the individual muscles (Fig. 4C) : the M. supraspinatus has the longest fibers, followed by the M. subscapularis and M. infraspinatus; the shortest fibers are found in M. teres minor.
Fiber Length/Muscle Length Ratio
On average, the fiber length/muscle length ratio is similar in both marten species (l f /l m (Mf) mean 5 0.46, l f / l m (Mm) mean 5 0.47) and it varies between 0.15 and 0.85 in M. martes and between 0.15 and 0.84 in M. foina. The regression analysis revealed a significant correlation (P(Mf) 5 8.58 3 E-17, P(Mm) 5 4.45 3 E-21) between fiber length and muscle length (Fig. 5) .
Physiological Cross-Sectional Area (PCSA)
On average, the PCSA of the forelimb muscles is different between M. martes (PCSA(Mm) mean 5 0.80 cm 2 ) and M. foina (PCSA(Mf) mean 5 0.48 cm 2 ; Table 3 ; paired t-test, P 5 1.97 3 E-6). The ratio between extrinsic and intrinsic musculature shows that the PCSA of the muscles that are attached solely to the limb bones themselves is larger than that of the extrinsic muscles in both species (Table 4) . Though, the difference is larger in M. martes compared to M. foina (Table 4 ). The paired t-test revealed that it is not statistically significant (P > 0.05). Furthermore, the PCSA of the extrinsic and intrinsic muscles is larger in the arboreal pine marten compared to the more terrestrial stone marten (Table 4) .
In both martens, the largest PCSA is recorded for the M. triceps brachii caput longum, M. subscapularis, M. flexor digitorum profundus (Fig. 6A ). The muscle with the smallest PCSA is the M. teres minor in the pine marten and the M. anconeus and M. teres minor in the stone marten (Fig. 6A ). Other muscles with small PCSA include M. brachioradialis, M. rhomboideus profundus, M. rhomboideus capitis and M. triceps brachii caput accessorium in both species (Fig. 6A) . The paired t-test revealed significant differences (P < 0.05) between the two species in the PCSA of the M. epitrochlearis (P 5 0.0166), M. infraspinatus (P 5 0.0058), M. triceps laterale (P 5 0.0238), M. flexor carpi ulnaris, humeral head (P 5 0.0208), M. flexor digitorum profundus (P 5 0.0139) and a difference close to significance in the PCSA of the M. brachialis: (P 5 0.0507).
Assigning the muscles to main functional categories, both species display a similar trend in average PCSA (Fig. 6A) : the smallest PCSA is found in the rotators, intermediate PCSA is measured in the extensors/protractors and abductors, larger PCSAs is recorded in the adductors and the largest PCSA is documented for the flexors/retractors (Fig. 6B ). Yet, M. martes has larger PCSAs in all functional muscle groups compared to M. foina, in particular concerning the flexors/retractors (Fig. 8) .
Separation of the muscles into proximal and distal compartments shows larger PCSA in the proximal compartment than in the distal one in both species (Table 4) . Furthermore, the PCSA of the proximal group is much larger in the pine marten compared to the stone marten, whereas the difference in PCSA for the distal group is not as large (Table 4 ).
The average PCSA of the rotator cuff group differs between M. martes and M. foina (PCSA(Mm) rotator cuff group 5 1.59 cm 2 , PCSA(Mf) rotator cuff group 5 0.94 cm 2 ), but both species display a similar trend when comparing the PCSAs of the individual muscles (Fig. 6C) : the M. subscapularis has 
Extrinsic muscles 
Muscle-Tendon Architecture
Tendon length for muscles with discernible distal limb tendons was related to muscle length. Three of the twelve (25%) distal forelimb muscles revealed differences close to significance in tendon length between M. martes and M. foina. These include one major extensor (M. extensor digitorum communis) and two important flexors (M. palmaris longus, M. flexor digitorum profundus) of the wrist (Fig. 7) . The paired t-test revealed significant differences between both marten species in the tendon length/muscle length ratio of M. flexor digitorum profundus (P 5 0.0125).
DISCUSSION
Apart from muscular anatomy, factors such as an animal's body mass, phylogeny (Leischner et al., this issue; Marchi et al., this issue) and predation behavior may also influence locomotor performance. The present study aimed to reveal the anatomical basis for arboreal locomotion in the forelimb of mustelids by choosing to analyze two sympatric species that principally differ in their degree of arboreality.
In contrast to other musteloids such as the red panda (Ailurus fulgens) in which considerable levels of intraspecific myological variation have been documented (Carlsson, 1925; Fisher et al., 2009 ), the muscle topography in the shoulder and forelimb of M. martes and in M. foina does not vary noticeably at the intraspecific level in both taxa as revealed by the present analysis.
Although we identified several similarities in the basic anatomy of the shoulder and forelimb of M. martes and M. foina suggesting similar functions, we also detected a number of differences in the structure of the muscular system. These anatomical aspects likely affect muscle function during locomotion and may thus be related to differences in locomotor behavior and/or lifestyle.
Similarities. It is known that in Carnivora the clavicles are rudimentary and in many cases entirely absent (Trotter, 1885) . Within mustelids, it has been reported that Martes americana and Martes pennanti have a vestigial, unarticulated, but relatively welldeveloped clavicle (Leach, 1977a; Holmes, 1980) which has been suggested to be associated with the climbing abilities of these species (Holmes, 1980) . Similarly, the presence of a small, calcified clavicle has been linked to shoulder mobility and climbing ability because the vestigial bone is also found in arboreal viverrids, but not in terrestrial ones (Taylor, 1974) . A rudimentary clavicle has also been detected in the arboreal kinkajou (Potus flavus), ringtail cat (Bassariscus astutus) and raccoon (Procyon lotor) (Harrison, 1892) . However, since the clavicle is present in only two-thirds of the pine and stone martens studied here and the skeletogenesis of the clavicle is highly dependent on mechanical stimulation (RotNikcevic et al., 2007) , no functional signal with regards to arboreal locomotion appears to exist in these species.
Arboreal pine marten and the more terrestrial stone marten do not significantly differ in relative lengths of the forelimb bones. Among mammals, the intra-forelimb proportions vary considerably with the scapula and radius showing the largest variation in relative length of all forelimb segments (Schmidt and Fischer, 2009) . Previous studies have reported that mammals with longer intra-limb proportions (i.e., longer limb segments) usually adopt a more extended joint posture than mammals with shorter intra-limb proportions (i.e., shorter limb segments; Polk, 2002) . This increases the mechanical advantage of the forelimb extensor muscles, in particular at the elbow (Biewener, 1989; Polk, 2002) . The absence of significance in intra-limb length differences among the two species studied here, provides a good basis to evaluate the muscular properties in association with locomotor performance excluding biomechanical effects generated by differences in posture or intraforelimb proportions.
DIFFERENCES Mechanical Advantage: Effect of Qualitative Differences in Muscular Anatomy
The gross muscle topography of the shoulder and forelimb in Martes is similar in all analyzed species (M. martes and M. foina: this study, M. americana and M. pennanti : Hall, 1926; Leach, (1977b) . No differences were found in the origin and insertion of each muscle studied in the American marten and the fisher (Leach, 1977b) . The present work identified some qualitative Relative muscle mass is recorded as the percentage of muscle mass relative to the total forelimb muscle mass. The first muscular group concerns extrinsic versus intrinsic muscles. The second muscular group refers to proximal (muscles that act on scapula or humerus) and distal muscles (muscles that act on elbow or wrist).
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B € Ercoli et al. (2015) Howard (1973) Leach (1977) Fisher et al. (2009) Carlsson ( Ercoli et al. (2015) Howard (1973) Leach (1977) Fisher et al. (2009) Carlsson ( Shoulder. Among the muscles that act on the shoulder, the M. spinotrapezius reveals a difference in its insertion area between M. martes and M. foina resulting in a relatively longer moment arm in the arboreal pine marten. Since the muscle stabilizes and draws the scapula in dorsocaudal direction, this topography may reflect a functional adaptation to climbing by providing a larger peak moment. Interestingly, it appears that the relatively shorter range of excursion due to the longer moment arm is compensated by the greater fiber length in M. martes compared to M. foina (Fig. 8) . The importance of the attachment of the M. spinotrapezius to the scapular spine in relation to arboreal locomotion has been shown in a previous study on viverrids (Taylor, 1974) . The muscle inserts on the spine of the scapula in the arboreal viverrids, but not in the terrestrial taxa in which the insertion of the M. spinotrapezius is via a tendinous sheath to the M. infraspinatus (Taylor, 1974) . However, Leach (1977) described the muscle inserting at the proximal two-thirds of the scapular spine in both marten species, M. americana and M. pennanti. Yet, this is difficult to interpret since no quantitative data on the muscle architectural properties for these taxa are available.
In contrast to M. foina, in which a distinct separation between the M. rhomboideus cervicis and M. rhomboideus thoracis is present, the two parts are merged in M. martes. Leach (1977) suggested that a distinction between the two rhomboid muscles in M. americana and M. pennanti is not possible, in agreement with a previous study that reported that this distinction cannot be made in all carnivores; yet, the muscles always arises from the entire length of the ligamentum nuchae (Windle and Parsons, 1897) . Thus, the general topography appears to be conserved among different mustelids irrespective of locomotor mode.
Pectoral region. One muscle of the pectoral group, the M. pectoantebrachialis, differs in its insertion site when comparing M. martes and M. foina. The more proximal attachment to the humerus in the arboreal pine marten results in a relatively shorter moment arm. This may be advantageous for climbing since it allows a greater range of excursion of the forelimb which is additionally increased by the relatively long fibers in M. martes compared to M. foina (Fig. 8) . In contrast, the more distal attachment on the humerus in the stone marten results in a relatively longer moment arm. Since the M. pectoantebrachialis draws the arm in a medial direction, this topography may reflect a functional trait with respect to terrestrial locomotion. It is striking to note that the muscle inserts proximal on the humeral diaphysis in A. fulgens (Fisher et al., 2009) , whereas it inserts in the middle part of the humeral diaphysis in M. americana, M. pennanti (Leach, 1977b) and Galictis cuja (Ercoli and Youlatos, 2016) . However, the development of this superficial muscle (closely connected to the underlying M. pectoralis major) is not equally great in carnivores. For instance, it is not identified as an individual muscle in viverrids (Taylor, 1974) . Therefore, the importance of this muscle in contributing to locomotion, in particular in the light of the two large muscles of the Ercoli et al. (2015) Howard (1973) Leach (1977) Fisher et al. (2009) Carlsson ( pectoral region, the M. pectoralis major and M. pectoralis minor, remains to be evaluated.
Effect of Variation in Relative Muscle Mass Distribution
The results of the present study do not confirm the hypothesis that the arboreal pine marten differs in allocation of muscle mass compared to the more terrestrial stone marten. Nevertheless, it should be noted that the slightly larger muscle masses in M. martes tend to concern muscles that are functionally important for climbing: for example, the M. pectoralis minor and the M. teres major, which are responsible for humeral retraction, the M. epitrochlearis, M. triceps brachii (lateral and long head) and M. extensor ulnaris, which are responsible for extension, and the M. flexor ulnaris, M. biceps brachii and M. brachialis, which are responsible for flexion (Table 3) .
The proximal to distal limb muscle mass distribution affects the mechanical work of running in terms of limb rotational inertia Hildebrand and Goslow, 2004) . Highly cursorial mammals tend to concentrate limb muscle mass proximally Hildebrand and Goslow, 2004) . For instance, the highly cursorial Greyhounds have only about 23% muscle mass concentrated in the distal section of the forelimb, whereas other animals, such as primates, have Table 2 for muscle acronyms. (A) Individual muscles. Bars represent mean 1 SE, (B) Muscles assigned to main functional categories, (C) Rotator cuff muscles. The paired t-test revealed significant differences (P < 0.05) between both marten species (indicated by asterisk).
higher distal limb mass concentrations (on average more than 40%) (Pasi and Carrier, 2003; Isler et al., 2006; Raichlen, 2006) . The proximal to distal muscle mass distribution calculated for both martens (about 40% distal muscle mass in forelimb) appears not to be efficient for running, but may be advantageous for climbing and manipulation behavior since distal muscles are important for these activities. Although not statistically significant, it is notable that the arboreal pine marten has slightly more distal muscle mass (40%) in the forelimb than the more terrestrial stone marten (38%; Table 4 ).
The relative contribution of the muscle mass of M. supraspinatus, M. infraspinatus, M. teres minor and M. subscapularis to the entire mass of the rotator cuff group does not reveal significant differences between the two martens. In contrast to many primates, in which the relative muscle mass of the M. subscapularis (adductor) is dominant followed by the M. infraspinatus (abductor; Mathewson et al., 2014; Larson, 2015) , the dominant muscles in both martens are the M. supraspinatus (protractor) and the M. subscapularis. This may differentiate different arboreal locomotor modes in terms of limb abduction. Relative M. infraspinatus size appears to be the largest in quadrumanous climbers (Roberts, 1974) .
Effect of Variation in Fiber Length/Muscle Length Ratio
The ratio of fiber length to muscle length can be used as an index of muscle excursion. High fiber/muscle length ratio indicates relatively long fibers. Usually, the fiber length/muscle length ratio varies between 0.2 and 0.6 (McArdle et al., 2010) . On average, the fiber length/ muscle length ratio in both marten species is 0.47 (M. martes) and 0.46 (M. foina) and there is a significant correlation between both parameters (Fig. 5) . It, thus, appears that this architectural features is the norm across species with little regard to locomotor mode.
Effect of Variation in Muscle-Tendon Architecture
Climbing mammals expend considerable muscular effort in order to maintain contact with the arboreal substrate during locomotion. Muscles that are particularly important in this regard include the flexors of the wrist (Table 1) . Compared to other types of locomotion, it has been reported that scansorial rodents have longer tendons in the wrist flexor M. palmaris longus and this has been suggested it allows for elastic strain energy storage and recovery within the tendon (Carrizo et al., 2014) . Although the storage and recovery of elastic strain energy may be more important in mammals performing cyclic movements during locomotion (Biewener, 1998) , it is interesting to note that the wrist flexor displays a longer tendon in the arboreal pine marten compared to the more terrestrial stone marten (Fig. 7) . A corresponding observation has been made for primates: the relative tendon length of the M. palmaris longus decreases from arboreal to terrestrial primates (Aversi-Ferreira et al., 2014) .
The relatively longer distal tendons of the M. flexor digitorum profundus in M. martes in comparison to M. foina allow a greater joint excursion and thus, appear to be advantageous for arboreal locomotion. In both marten species, the main extensors of the wrist, M. extensor digitorum communis and M. extensor digitorum lateralis, revealed a more or less similar force producing capability. However, the muscle-tendon architecture of the antagonist, the M. flexor digitorum profundus reveals relatively longer distal tendons in M. martes in comparison to M. foina, which may facilitate flexion of the wrist and, thus, may improve its ability to climb.
Apart from differences in tendon length, we did not find any differences in the thickness of the tendons of the main wrist flexors in both marten species. By contrast, it has been reported for the arboreal felid Neofelis nebulosa that the tendons of the M. palmaris longus to digits 1 and 5 are thinner than the robust tendons to digits 2, 3, and 4 (Hubbard et al., 2009) . Since the latter tendons align most closely to the main axis of the forelimb in grasping the substrate, this morphology has been interpreted as providing more support during suspensory arboreal locomotion (Hubbard et al., 2009) . Neofelis nebulosa is unique among carnivores in being able to move along horizontal supports with the body suspended underneath branches. Other mammals that display a similar tendon morphology include suspensory primates and sloths (Hubbard et al., 2009) . Furthermore, differences in the tendinous pattern associated with the M. flexor digitorum longus (synonymous to M. flexor digitorum profundus used in the present study) of the hand observed in lizards have been related to differences in climbing ability (Abdala et al., 2009) . The presence of a flexor plate with an embedded sesamoid bone in the agamid Pogona vitticeps creates a more rigid manus (Abdala et al., 2009) . This configuration may be beneficial during climbing on broad, rough substrates such as tree trunks (Abdala et al., 2009) . In contrast, the reduction of the flexor plate in the lizard Anolis equestris results in individual tendons running to each digit and makes the manus more flexible (Abdala et al., 2009 ). This configuration may allow the animal to move effectively on narrow substrates (Abdala et al., Fig. 7 . Muscle-tendon architecture. Mean tendon length at insertion in relation to muscle length of distal forelimb muscles in Martes martes and Martes foina. Refer to Table 1 for muscle acronyms. Bars represent mean 1 SD. The paired t-test revealed significant differences (P < 0.05) between both marten species (indicated by asterisk). 2009). In M. martes and M. foina, the common tendon of the M. flexor digitorum profundus divides into five individual tendons passing to the digits. This appears to convey a relatively good capacity for manual flexion in both marten species.
Muscle Performance Space: Effect of Variation in Fiber Length and PCSA
The results of the present study confirm the hypothesis that the arboreal pine marten differs in muscle fiber length and PCSA compared to the more terrestrial stone marten. In M. martes, 24 muscles have longer fibers and 22 muscles are more or less similar in fiber length compared to M. foina (Table 3 ). The PCSA is larger in 27 muscles in M. martes as compared to M. foina (Table 3) . The function space plot reveals that both marten species do not significantly differ in overall muscle performance since the similar muscles occupy equivalent areas in the plot (Fig. 8) . For instance, most of the adductors tend to be in the lower right corner ("displacement specialists") because they generally have relatively long fibers, but smaller PCSA. The abductors and flexors/retractors tend to occupy the middle and upper left corner of the muscle performance space ("generalists" and high-power specialists") because they generally have relatively short fibers, but intermediate or larger PCSA. The extensors/protractors are distributed over the function space plot (excluding the upper right corner), either having relatively intermediate fiber length and PCSA or being specialized in fiber length or PCSA, respectively (Fig. 8) . Two of the rotator muscles appear to be specialized in fiber length (M. brachioradialis) and PCSA (M. pronator teres), whereas the other rotators are "generalists". However, both marten species do show different trends in the degree of specializations in shoulder and forelimb muscular anatomy.
Extrinsic muscles of the shoulder and arboreal locomotion. Since the carnivoran forelimb has no skeletal connection to the trunk (synsarcosis), the extrinsic muscles of the shoulder have two important functions during locomotion: (1) stabilization and (2) movement (Davis, 1949) .
Lateral extrinsic muscles that are primarily important for stabilizing the shoulder, include the scapular adductors (Table 1) , in particular the Mm. rhomboidei. Interestingly, it has been shown in dogs that the activity of the rhomboid muscles increases significantly when they trot uphill (Carrier et al., 2006) . Highlighting the importance of these muscles in uphill locomotion. In terms of arboreal locomotion, the scapular adductors in M. martes (in particular the largest muscle of this group, the M. rhomboideus cervicis) appear to be functionally important, firmly attaching the scapula to the thorax in order to contend with the stress imposed by climbing (Fig. 8) . In addition to providing stability, the shoulder has to allow for complex three-dimensional limb movements during arboreal locomotion. The lateral extrinsic muscles that mediate the abduction of the shoulder, include the Mm. trapezius (Table 1) . Strikingly, the scapular abductors have long fibers indicating greater muscle excursion in the arboreal pine marten as compared to the more terrestrial stone marten (Fig. 8) .
Medial extrinsic muscles that stabilize the shoulder, but are also important for movement of the proximal forelimb include the humeral adductors (Table 1) , namely the pectoral muscles and the M. subscapularis. Since quadrupedal mammals adapted to arboreal locomotion experience strong laterally directed substrate reaction forces (Lammers and Gauntner, 2008) , the medially directed forces generated by these muscles facilitate maintenance of pressure on the arboreal substrate (Taylor, 1974; Schmitt, 2003) . This is particularly important for climbing mammals that have no or limited grasping ability. A trademark of arboreal bears is the powerful M. subscapularis, and a previous study related the strong shoulder and pectoral muscles in ursids to their climbing strategy ("bracing climbing"; Davis, 1949) . Among mustelids, the present results support the observation that these muscles are well developed (Leach, 1977b) . However, the functional importance of the medial extrinsic muscles has also been related to the carnivoran prey capture behavior (pouncing; Viranta et al., 2016) and the peculiar cursorial locomotion used by mustelids (bounding) (Gambaryan, 1974; Leach, 1977b) . The medial extrinsic muscles are all more powerful in the arboreal pine marten in comparison to the more terrestrial stone marten emphasizing the adaptive significance of these muscles in terms of arboreal locomotion (Fig. 8) .
Intrinsic muscles of the forelimb and arboreal locomotion. In many flexors and proximal extensors/ protractors, the fibers between both marten species are of similar length, but the PCSA of these muscles are larger in the arboreal pine marten (Fig. 8) . In contrast, many distal extensors/protractors and rotators have longer fibers in M. martes, but the PCSA of these muscles are more or less similar between both marten species (Fig. 8) . Muscles with long fibers are more suitable for motion tasks because they can contract quickly and have a longer functional range. Muscles with a large PCSA are specialized for force production. Since extending and overhead elevation of the forelimb is important during arboreal locomotion, but requires mobility as well as force, the differences in PCSA and fiber length between both marten species are compatible with the greater involvement in climbing in M. martes.
CONCLUSION
The present analysis of the shoulder and forelimb anatomy in two sympatric species of Martes revealed topographic and, in particular, quantitative characteristics that appear to reflect different locomotor specializations. The detected qualitative differences in muscle attachment areas between both marten species indicated that M. martes exhibits relatively long muscle moment arms in the forelimb joints providing better mechanical advantage.
On basis of the present results, we reject the hypothesis that the arboreal pine marten allocates more of the total muscle mass to functionally important muscles than the terrestrial stone marten. The second hypothesis on differences in fiber length resulting in more extensible and more rapidly contracting muscles in M. martes is supported by the present analysis because the majority of muscles in the shoulder and forelimb of the arboreal pine marten have relatively longer fibers as compared to the terrestrial stone marten. The present results also support the third hypothesis on differences in PCSA between both marten species with stronger muscles being observed in the arboreal pine marten. In particular, retractors/flexors and adductors of the shoulder and forelimb are well developed in M. martes. With the present work, we identified the anatomical basis of differences in locomotor behavior in martens.
